Introduction {#S1}
============

Ewing Sarcoma is the second most common malignant bone and soft tissue tumor occurring in pediatric patients, with almost 200 new cases diagnosed in the United States every year ^[@R1]^. It is a biologically aggressive, poorly differentiated neoplasm, with a high propensity for metastatic dissemination and relapse ^[@R2]^. Although 70% of cases present with clinically localized tumors, all patients are treated as having micrometastatic disease at presentation, and therefore additionally receive multi-agent chemotherapy ^[@R2]^. Approximately 30% of these initially clinically localized cases will relapse, frequently with metastatic disease ^[@R3]^. These cases, along with the 30% of patients with metastatic disease upon diagnosis, have an average 5-year survival of less than 20% ^[@R4]^. Currently, few targeted therapies are in clinical trials for the treatment of Ewing Sarcoma, and these have met with limited success ^[@R5],\ [@R6]^. Given the tragic statistics of metastatic Ewing Sarcoma, new therapies that could combat tumor metastasis could be of particular benefit in this disease.

Ewing Sarcoma is a prototypical fusion oncogene-driven cancer. The vast majority of Ewing Sarcomas are characterized by an acquired chromosomal translocation involving a TET family member, most commonly the EWS gene on chromosome 22, and an Ets family transcription factor gene, the latter being Fli1 on chromosome 11 in 85% of cases ^[@R7]^. EWS/Ets fusions yield a potent transcription factor, which is able to promote or suppress the expression of many genes depending on the promoter context ^[@R8]--[@R10]^. EWS/Ets fusions are key drivers of Ewing Sarcoma pathogenesis, as fusion silencing results in growth arrest and apoptosis ^[@R11]^. However, directly targeting the fusion in a clinical setting, though a long-standing goal in the field, remains to be effectively achieved to date. Moreover, the role that EWS/Ets fusions play in the biology of Ewing Sarcoma metastasis is at present unclear. Indeed, recently published studies suggest that EWS/Ets fusions may not be the chief drivers of metastatic phenotypes ^[@R12]--[@R14]^. If this is the case, identification and understanding of other factors and pathways that promote Ewing Sarcoma metastasis assumes critical importance.

Epigenetic dysregulation has recently emerged as a very important mechanism of tumor initiation and progression ^[@R15]^, with an especially important role in pediatric cancers ^[@R16]^. Recently, our laboratory identified the Jumonji-domain histone demethylase KDM3A, an epigenetic regulator, as a novel oncogene downstream of EWS/Fli1 in Ewing Sarcoma ^[@R17]^. Namely, we showed that KDM3A is upregulated downstream of EWS/Fli1 in part through a microRNA-mediated mechanism, and that this upregulation promotes colony and tumor growth. In the present study, we define a new role for KMD3A in promoting Ewing Sarcoma cell migration and metastasis, identify the Melanoma Cell Adhesion Molecule (MCAM/CD146/MUC18) as a novel downstream target of KDM3A regulation and an important effector of its metastasis-promotional activity, and define mechanisms by which KDM3A augments MCAM expression. Together, these findings delineate a new metastasis-promoting pathway in Ewing Sarcoma, with two pharmacologically targetable components, the histone demethylase KDM3A and the cell surface protein MCAM.

Results {#S2}
=======

KDM3A positively regulates metastasis-associated genes in Ewing Sarcoma {#S3}
-----------------------------------------------------------------------

Our previous work identified KDM3A as a novel oncogene in Ewing Sarcoma ^[@R17]^. To further investigate the molecular role of KDM3A in this disease, we performed microarray profiling of RNA isolated from A673 cells stably transduced with Scrambled shRNA control and two different shRNAs targeting KDM3A, using an Affymetrix whole transcript array (Human Gene 1.1 ST), in order to identify KDM3A-regulated genes. This analysis revealed 131 transcripts downregulated 1.5-fold or greater upon KDM3A knock-down with both shRNAs, compared to the Scrambled control ([Supplemental Table 1](#SD1){ref-type="supplementary-material"}). Interestingly, functional annotation analysis showed genes downregulated upon KDM3A knock-down to cluster into multiple biological process groups potentially relevant to cancer, including cell adhesion, cell motility/migration, vascular development and receptor signaling ([Figure 1A](#F1){ref-type="fig"} and [Supplemental Table 2](#SD1){ref-type="supplementary-material"}). Expression profiling also revealed 60 upregulated transcripts (1.5-fold or greater) upon KDM3A knock-down ([Supplemental Table 1](#SD1){ref-type="supplementary-material"}), which showed significant clustering with one functional annotation group, developmental processes ([Supplemental Table 2](#SD1){ref-type="supplementary-material"}). The finding that KDM3A, a known activator of gene expression through removal of repressive H3K9 histone methyl 1 and 2 marks, positively regulates genes involved in cell adhesion suggested a possible basis for its colony growth-promoting role, shown in our previous studies ^[@R17]^. Intriguingly, positive regulation of genes related to cell adhesion *and* cell motility/migration, processes frequently associated with tumor metastasis, further suggested to us a potential, previously unexplored, role of KDM3A in Ewing Sarcoma metastasis. Indeed, examination of the most significantly downregulated genes upon KDM3A knock-down (FDR (false discovery rate) \< 0.1; [Figure 1B](#F1){ref-type="fig"}), revealed, out of 13 total genes, 7 genes previously implicated in the promotion of metastasis in other cancers (CD44, MCAM, CTGF, CD9, RGNEF, SERPINE1 and KLF5^[@R18]--[@R31]^). Further, examination of changes in expression of specific genes contributing to the biological process groups in [Figure 1A](#F1){ref-type="fig"}, revealed two-fold or greater downregulation, upon KDM3A knock-down, of 12 genes previously linked to metastasis in other cancers ^[@R18]--[@R49]^ ([Figure 1C](#F1){ref-type="fig"}; of note, TNC has recently been shown to be metastasis-promotional in Ewing Sarcoma^[@R14]^). Taken together, our expression profiling studies suggested that KDM3A could represent a novel metastasis promoter in Ewing Sarcoma, via regulation of a pro-metastatic gene expression program.

KDM3A promotes Ewing Sarcoma cell migration, and experimental metastasis in vivo {#S4}
--------------------------------------------------------------------------------

To evaluate a potential functional role for KDM3A in Ewing Sarcoma metastasis, we next assessed whether manipulation of KDM3A levels alters metastatic phenotypes. We examined cell migration as a well-established, metastasis-associated process amenable to experimental analysis, and one affected by KDM3A in our expression profiling studies ([Figure 1A](#F1){ref-type="fig"}). To assess migration, two Ewing Sarcoma cell lines (A673 and TC32) were each stably transduced with two different KDM3A-targeting shRNAs or Scrambled control shRNA, were plated in a Boyden chamber, and transwell migration was quantified at 12 hours. In both cell lines, cells with KDM3A knock-down ([Figure 2, A and C](#F2){ref-type="fig"}) showed approximately a 50 percent decrease in migration compared to those harboring the Scrambled control ([Figure 2, B and D](#F2){ref-type="fig"}). We further independently assessed cell migration using a wound-healing assay. This assay requires cells to grow in an adherent monolayer, an experimental condition optimally satisfied by A673 cells. As was the case with the Boyden chamber assay, A673 cells with KDM3A knock-down showed impaired migration into the wound compared to the Scrambled controls, again by an average of approximately 50 percent ([Supplemental Figure 1](#SD2){ref-type="supplementary-material"}). Together, these data support a migration-promoting role for KDM3A in Ewing Sarcoma.

We next examined whether KDM3A impacts metastasis in an experimental model *in vivo.* We selected the tail-vein injection model for these studies, as this model is well-established, readily quantifiable and relatively rapid (and thus less vulnerable to loss of effective knock-down of gene expression over time). Moreover, this model evaluates the later, post-intravasation, stages of metastasis (cell survival in the circulation, extravasation, tissue/organ seeding and metastasis outgrowth), which, from a potential therapeutic standpoint, are particularly relevant to Ewing Sarcoma, a disease presumed to have undergone at least microscopic spread beyond the primary site at clinical presentation. Animals injected with A673 cells harboring a KDM3A-targeting shRNA developed an approximately 10-fold lower metastatic tumor burden compared to animals injected with Scrambled shRNA control cells ([Figure 3](#F3){ref-type="fig"}). These results support a role for KDM3A in the promotion of Ewing Sarcoma metastasis *in vivo*.

Taken together, our gene expression profiling analyses, along with our functional studies *in vitro* and *in vivo*, support a previously undefined role for KDM3A in Ewing Sarcoma metastasis.

MCAM is an effector of KDM3A pro-metastatic action in Ewing Sarcoma {#S5}
-------------------------------------------------------------------

In order to further understand the role of KDM3A in Ewing Sarcoma metastasis, we next examined which downstream genes could specifically be contributing to its metastasis-promotional effects. Returning to our microarray data ([Figure 1](#F1){ref-type="fig"}), we noted the Melanoma Cell Adhesion Molecule (MCAM) to be one of the genes most strongly regulated by KDM3A. MCAM has been shown to promote metastasis in other types of cancer ^[@R50]^. Moreover, in a meta-analysis of gene expression profiling data, MCAM was recently identified as one of the most commonly upregulated cell surface proteins (compared to normal tissue) in pediatric cancers, including Ewing Sarcoma ^[@R51]^. Together, these findings suggested that MCAM could be a biologically, and potentially clinically, significant mediator of KDM3A metastasis-promotional effects in Ewing Sarcoma. In order to verify our expression profiling results and determine whether KDM3A is a more general regulator of MCAM expression in Ewing Sarcoma, we examined the effects of KDM3A knock-down on MCAM levels in multiple Ewing Sarcoma cell lines, including A673 and TC32 cells. These studies revealed consistent downregulation of MCAM levels upon KDM3A knock-down ([Figure 4](#F4){ref-type="fig"}), indicating that KDM3A is an important regulator of MCAM expression in Ewing Sarcoma.

To further evaluate MCAM as a candidate downstream effector of KDM3A pro-metastatic action, we examined whether MCAM knock-down could phenocopy the effects of KDM3A depletion. We first examined cell migration using the same cell lines (A673 and TC32) and experimental approaches used above for KDM3A functional studies. In a Boyden chamber assay, upon MCAM knock-down using two different targeting shRNAs ([Figure 5A and C](#F5){ref-type="fig"}), MCAM depletion resulted in diminished migration compared to cells with the Scrambled control, by approximately 50 percent in A673 cells and 30 percent in TC32 cells ([Figure 5B and D](#F5){ref-type="fig"}). MCAM knock-down also resulted in diminished cell migration by an average of 60 percent in a wound-healing assay ([Supplemental Figure 2](#SD3){ref-type="supplementary-material"}). Lastly, forced re-expression of MCAM in the context of KDM3A depletion resulted in partial rescue of cell migration ([Supplemental Figure 3](#SD4){ref-type="supplementary-material"}), indicating that upregulation of MCAM is in part responsible for KDM3A pro-migratory effects.

We further assessed the effects of MCAM depletion on metastasis *in vivo*, using the tail vein experimental metastasis model. Mice injected with MCAM knock-down cells developed an approximately 3-fold lower metastatic tumor burden compared to those injected with the Scrambled control cells ([Figure 6](#F6){ref-type="fig"}). Taken together, the above *in vitro* and *in vivo* studies indicate that MCAM, like KDM3A, is a promoter of metastasis in Ewing Sarcoma, and that MCAM contributes to KDM3A pro-metastatic effects.

MCAM expression is subject to both direct and indirect regulation by KDM3A, and high MCAM levels in patient tumors are associated with poor outcome {#S6}
---------------------------------------------------------------------------------------------------------------------------------------------------

In order to understand how KDM3A regulates MCAM expression, we first examined whether this occurs through a direct mechanism. Using chromatin immunoprecipitation (ChIP) followed by qPCR, with KDM3A antibody and IgG negative control, we found that KDM3A specifically interacted with the genomic region flanking the MCAM transcription start site in Scrambled control cells, and that this interaction was diminished in KDM3A knock-down cells, consistent with KDM3A localization to the MCAM promoter ([figure 7A](#F7){ref-type="fig"}). Further, using ChIP for the H3K9me2 mark negatively regulated by KDM3A, we found that levels of this mark in the same region increased upon KDM3A knock-down ([Figure 7A](#F7){ref-type="fig"}). As an additional control, ChIP for KDM3A at a distal region (10 Kbp upstream of the MCAM transcription start site), revealed neither evidence of specific KDM3A localization, nor changes in levels of the H3K9me2 mark upon KDM3A knock-down ([Figure 7B](#F7){ref-type="fig"}). Together, these data support a mechanism whereby KDM3A, at least in part, regulates MCAM expression directly, through interaction with the MCAM promoter region and H3K9 demethylation. We further queried whether the Ets1 transcription factor, which we found to be positively regulated by KDM3A in our expression analysis ([Figure 1A](#F1){ref-type="fig"}), could also contribute to the control of MCAM levels. We had previously shown regulation of Ets1 expression by KDM3A in multiple Ewing Sarcoma cell lines, including A673 cells ^[@R17]^, and verified that this also holds true in TC32 cells ([Supplemental Figure 4A](#SD5){ref-type="supplementary-material"}). To examine a possible role for Ets1 in the control of MCAM expression, we stably depleted Ets1 levels in A673 cells, and assessed MCAM expression at both mRNA and protein levels. This analysis revealed potent downregulation of MCAM upon Ets1 knock-down ([Figure 7C](#F7){ref-type="fig"}), demonstrating that Ets1 contributes to control of MCAM expression. Similarly, we found that Ets1 depletion in TC32 cells also resulted in diminished MCAM levels ([Supplemental Figure 4B](#SD5){ref-type="supplementary-material"}). Moreover, in further support of this regulatory mechanism, we identified significant correlation between Ets1 and MCAM levels in patient tumors from two different publicly available Ewing Sarcoma clinical cohorts ^[@R52]^ ([Figure 7D](#F7){ref-type="fig"}). Next, we asked whether KDM3A regulates Ets1 directly, and whether the same is true for regulation of MCAM by Ets1. Using ChIP-qPCR approaches analogous to those above, we found that KDM3A specifically interacts with the genomic region flanking the Ets1 transcription start site, and that KDM3A depletion results in augmented H3K9me2 levels in the same region ([Figure 7E](#F7){ref-type="fig"}), consistent with direct regulation of Ets1 expression through H3K9 demethylation by KDM3A. Further, using ChIP-qPCR for Ets1, we found that Ets1 specifically interacted with an MCAM upstream regulatory region containing multiple candidate Ets binding sites, and that this interaction was abolished upon Ets1 knock-down ([Figure 7F](#F7){ref-type="fig"}), thus supporting a direct mechanism for this regulatory relationship as well. Taken together, our data support a mechanism whereby KDM3A regulates MCAM expression both directly, as well as indirectly through control of Ets1 expression. Lastly, in support of the clinical relevance of our findings and an important role for MCAM in Ewing Sarcoma biology, interrogation of the same Ewing Sarcoma patient cohorts ^[@R52]^ revealed a significant association between high MCAM expression in tumors and poor survival ([Figure 8](#F8){ref-type="fig"}). We were not able to demonstrate a significant correlation between KDM3A and MCAM expression, or a significant association between KDM3A expression and survival, in these same cohorts. This could be due to the relatively limited cohort size (46 and 39 total patients, respectively), but could also reflect more complex regulation of MCAM expression in tumors, including involvement of other EWS/Fli1-driven pathways (see Discussion). While further evaluation of relationships between KDM3A expression and disease outcomes is needed, the survival data from these cohorts underscore an important role for MCAM in high-risk disease.

Discussion {#S7}
==========

We have shown previously that the histone demethylase KDM3A is upregulated downstream of the EWS/Fli1 oncofusion, and promotes colony and tumor growth in Ewing Sarcoma ^[@R17]^. In the present study, we show that KDM3A upregulates metastasis-promoting pathways and functionally augments Ewing Sarcoma cell migration *in vitro* and experimental, post-intravasation, metastasis *in vivo*, and identify the Melanoma Cell Adhesion Molecule (MCAM) as a novel KDM3A target and important mediator of these effects. Together, our prior and current studies support a role for KDM3A as an important promoter of malignant phenotypes in Ewing Sarcoma. Further, the current studies highlight an important, and clinically relevant, role for MCAM in the biology of Ewing Sarcoma.

Epigenetic modifiers have been increasingly implicated in cancer, including the malignant biology of Ewing Sarcoma ^[@R17],\ [@R53]--[@R57]^. While our studies are the first to uncover a role for KDM3A in Ewing Sarcoma, this factor has recently also been noted as an important promoter of tumorigenesis and/or metastasis in other cancers ^[@R58]--[@R60],\ [@R61]^. Interestingly, in neuroblastoma, another pediatric cancer, KDM3A was recently found to be upregulated by the oncogenic driver N-myc. KDM3A was shown to demethylate the promoter of the long non-coding RNA MALAT1, which resulted in an increase in MALAT1 levels, and in the metastasis-associated phenotypes of cell migration and invasion ^[@R62]^. This study, while uncovering an entirely different molecular mechanism, bears interesting similarity to our findings in Ewing Sarcoma, whereby the driver oncogene (in our case EWS/Fli1) upregulates KDM3A to promote tumor cell metastatic properties. Another interesting parallel emerges from recent studies in multiple myeloma, where KDM3A was shown to upregulate the KLF2 transcription factor, which in turn increased IRF4 expression, resulting in increased adhesion of cells to bone marrow stroma and protection from apoptosis ^[@R63]^. It will be interesting to see whether induction of downstream transcription factors to effect and/or reinforce target regulation represents a more common mechanism of action of KDM3A in cancer.

In normal biology, MCAM is involved in many cellular processes, including cell adhesion ^[@R64]^, angiogenesis ^[@R65]^, cell survival ^[@R66]^, and extravasation ^[@R67]^. These same processes are known to contribute to neoplasia and tumor progression, and MCAM expression has been shown to correlate with poor prognosis, metastasis and disease progression in a number of different cancer types, including melanoma, prostate, ovarian, gastric, non-small cell lung, gallbladder, and breast cancers ^[@R50],\ [@R68]^. Mechanistically, expression of MCAM has been associated with phenotypes of epithelial-mesenchymal transition (EMT) ^[@R69],\ [@R70]^, increased cell extravasation ^[@R71]^ and increased metastasis in cell line models ^[@R50]^. As mentioned earlier, a recent gene expression meta-analysis revealed MCAM to be one of the most prevalently overexpressed genes coding for factors expressed on the cell surface in common pediatric cancers, compared to normal tissue ^[@R51]^. Thus, MCAM may play important roles in the malignant biology not just of Ewing Sarcoma, but other pediatric cancers.

Few studies to date have examined mechanisms of regulation of MCAM expression in cancer. In melanoma, recent studies have shown that MCAM is transcriptionally repressed by ZBTB7A ^[@R72]^, while in osteosarcoma, MCAM expression is in part controlled by the YY1 transcription factor ^[@R73]^. Here we identify a new mechanism whereby MCAM is a regulatory target of the histone demethylase KMD3A both directly and indirectly via the action of Ets1. Ets1 is known to be overexpressed in many cancers ^[@R74]^. Moreover, as an alternative mechanism for increased Ets1 regulatory action, promoter mutations generating gain-of-function Ets1 binding sites have recently been identified ^[@R75]^. Lastly, growing evidence suggests that KDM3A itself is relatively frequently overexpressed in cancer ^[@R76]--[@R79]^. Thus, the KDM3A/Ets1/MCAM axis, identified in our studies, may represent a more general mechanism of MCAM overexpression in cancer. Similarly, it will be interesting to determine whether Ets1 itself, a long-established tumor/metastasis promoter in adult cancers ^[@R40]^, plays important roles in pediatric neoplasia. In adult cancers, Ets1 has especially been linked to tumor progression including metastasis, via various mechanisms, including transcriptional upregulation of Matrix Metalloproteases (MMPs), the angiogenesis-promoting factor VEGF, and migration promoters such as Plasminogen Activator Inhibitor 1 (PAI-1) (reviewed in ^[@R40]^). With respect to Ewing Sarcoma specifically, another intriguing possibility is that Ets1, a member of the EWS fusion partner transcription factor family with overlapping DNA-binding specificity, may directly impact DNA-binding and transcriptional regulation by EWS/Ets fusions.

Recent studies have raised many questions about the molecular driving forces behind Ewing Sarcoma metastasis. Notably, EWS/Ets fusions have been found to repress, rather than activate, many genes and biological processes known to be involved in the promotion of metastatic phenotypes, such as cell adhesion and migration^[@R12],\ [@R13]^. This has led to a hypothesis that Ewing Sarcoma metastasis could in part be a passive process ^[@R12]^. At the same time, however, others have described pathways that promote Ewing Sarcoma metastasis and antagonize the above gene repression ^[@R14]^, raising the alternative possibility that Ewing Sarcoma metastasis is an active process as in other solid malignancies, but does not rely on (and may even mechanistically oppose) the action of EWS/Fli1. This paradox may in part be reconciled by the fact that the presumptive cells of origin of this cancer (mesenchymal stem cells) possess migratory ability, and express a number of cell adhesion genes implicated in cancer metastasis, including MCAM ^[@R50],\ [@R80],\ [@R81]^. Ewing Sarcoma cells may thus have an inherent propensity toward metastasis due to properties inherited from the cell of origin, and partial maintenance of such properties, in the face of EWS/Fli1 opposition, may be sufficient for effective metastasis. Interestingly, a number of the KDM3A-activated pro-metastatic genes identified in our study, including MCAM, are negatively regulated by EWS/Fli1, in part through action of the downstream transcriptional repressor Nkx2.2 ^[@R13],\ [@R82]--[@R84]^ ([Supplemental Figure 5A](#SD6){ref-type="supplementary-material"}). Thus, the role of KDM3A in Ewing Sarcoma metastasis, in the context of the EWS/Fli1 fusion, may be in part to maintain sufficient levels of a metastasis-competent gene expression program, including genes such as MCAM, in the face of repression by EWS/Fli1 and/or Nkx2.2 (as summarized in [Supplemental Figure 5B](#SD6){ref-type="supplementary-material"}).

Metastasis is a highly complex process, involving multiple steps and biological processes in addition to cell migration, a specific phenotype subjected to detailed examination in this study. Notably, efficient metastasis also requires survival of cells in the circulation, independent of surrounding tissue support, and effective outgrowth post organ infiltration. The soft agar assay of anchorage-independent growth can be a surrogate of both metastasis outgrowth and cell survival in the circulation ^[@R85]^. We have previously observed that KDM3A is a potent promoter of anchorage-independent growth ^[@R17]^, and, notably, MCAM exhibits this property as well ([Supplemental Figure 6](#SD7){ref-type="supplementary-material"}). Thus, phenotypes in addition to cell migration may contribute to the metastasis-promotional effects of both KDM3A and MCAM, a subject worthy of further examination in future studies.

In summary, the studies herein describe a new metastasis-promoting pathway in Ewing Sarcoma, involving the histone demethylase KDM3A and the cell surface protein MCAM. Given the critical role of metastasis in the aggressive clinical behavior of Ewing Sarcoma, and the recent questions raised about the role of EWS/Ets fusions in this process, understanding of the processes and molecular pathways driving Ewing Sarcoma metastasis assumes substantial importance. Our findings contribute to such understanding and, moreover, since KDM3A and MCAM represent pharmacologically tractable targets, may provide new opportunities for inhibition of metastatic phenotypes in this aggressive cancer.

Materials and Methods {#S8}
=====================

Cell Lines and culture conditions {#S9}
---------------------------------

The Ewing Sarcoma cell lines A673, SK-ES-1 and TC71 have been previously described ^[@R17]^. TC32 cells were obtained from Dr. Elizabeth Lawlor. Cells were grown in either RPMI (TC32, TC71) or DMEM (all others) with 10% Fetal bovine serum (FBS), 1% Pen/Strep, 10mM Hepes, 1X MEM non-essential amino acids, and 1mM Sodium Pyruvate. All cell lines were authenticated at our institution by STR profiling and repeatedly verified to be mycoplasma-free.

Global Gene Expression Profiling Analysis {#S10}
-----------------------------------------

Biological triplicates of A673 cells stably transduced with Scrambled shRNA control, KDM3A sh1 or sh2 were harvested at 70--80% confluence. Total RNA was harvested using TRIzol according to the manufacturer's protocol. The quality and integrity of RNA were verified using the Agilent 2100 Bioanalyzer. For microarray analysis, 250 ng of total RNA was processed using the Whole Transcript Expression kit (Ambion) and Whole Transcript Terminal Labeling kit (Affymetrix). Samples were hybridized to Human Gene 1.1 ST array strips (Affymetrix) and washed, stained, and imaged using the Gene Atlas Personal Microarray System (Affymetrix). Data analysis was performed in Excel and in R (<http://www.r-project.org/>) using packages publicly available through Bioconductor (<http://www.bioconductor.org>). As a first step, the microarray imaging data were background corrected and normalized using the gcRMA algorithm ^[@R86]^, resulting in log 2 gene expression values. Functional annotation analysis of differentially expressed genes was performed online with the National Institutes of Health Database for Annotation, Visualization, and Integrated Discovery (DAVID) Web tool (<http://david.abcc.ncifcrf.gov/>)^[@R87],\ [@R88]^ using Biological Process Gene Ontology (GO)^[@R89]^ terms. The expression profiling data have been deposited in the NCBI Gene Expression Omnibus database (accession number GSE94619).

Stable silencing of gene expression {#S11}
-----------------------------------

shRNA-mediated gene expression silencing via lentiviral delivery was performed as previously described ^[@R90]^. The control, non-targeting shRNA consisted of a Scrambled sequence (Addgene plasmid 1864;^[@R91]^). ShRNAs 1 and 2 for KDM3A correspond to TRCN0000021150 and TRCN0000021152; shRNAs 1 and 2 for MCAM correspond to TRCN0000151337 and TRCN0000275792; shRNAs 1 and 2 for Ets1 correspond to TRCN0000005588 and TRCN0000005591 (all Sigma Mission shRNAs, distributed via the University of Colorado Cancer Center Functional Genomics Core Facility). Following lentiviral transduction, cells were selected with Puromycin (2 μg/ml) for 5 days prior to experiments to gain optimal knock-down of the target genes.

Quantification of RNA expression {#S12}
--------------------------------

Cells were harvested at 70--80% confluence in TRIzol (Invitrogen), and RNA was extracted per manufacturer's instructions. RNA levels of specific transcripts were assessed by qRT-PCR (miScript SYBRgreen, Qiagen) with U6 RNA as the internal control (primers are listed in the [Supplemental Methods](#SD1){ref-type="supplementary-material"}).

Quantification of protein expression {#S13}
------------------------------------

Protein expression levels were determined by Western blot as previously described ^[@R90]^. The primary antibodies used were: KDM3A (1:1000, ProMab, \#30134), MCAM (1:1000, Proteintech, \#17564-1-AP), Ets1 (1:1000, Cell Signaling, \#14069), and α-Tubulin (1:20,000, Sigma, \#T5168).

Cell migration assays {#S14}
---------------------

For Boyden Chamber experiments, cells were washed with serum-free media, and 20,000 cells were plated in replicate in 200 μl of serum-free media in the top of the well insert (8 μm pore, BD Biosciences, \#353097). Inserts were then placed in a 24 well companion plate with 600 μl of media containing 5% fetal bovine serum (FBS) as a chemoattractant. After 12 hours, cells were fixed for 20 minutes in 70% ethanol, and unmigrated cells were removed by cleaning the top of the membrane with a cotton swab. Migrated cells were permeabilized for 5 minutes in 0.3% Triton-X in PBS. Cells were stained with 3 μg/ml DAPI in PBS for 20 minutes. Five random fields at 10x power were taken of each well. Quantitation was carried out using the Nikon NLS software object count, and significant differences determined by 1-way ANOVA with multiple comparisons. For IncuCyte experiments, 80,000--100,000 cells were plated in replicate in a 96 well plate and incubated for 6--8 hours. Media was replaced with serum-free media, and the cells were further incubated overnight. The following morning, the confluent monolayer of cells was scratched using the Wound Maker (Essen BioScience), and washed with serum-free media. Cells were then placed in media containing 1% FBS, and incubated in the IncuCyte apparatus with imaging every 4 hours for 24 hours.

Tail vein experimental metastasis assay {#S15}
---------------------------------------

Cells were transduced with a lentiviral GFP/luciferase dual reporter (SFG-NES-TGL^[@R92]^) and sorted for GFP expression using flow cytometry. GFP-positive cells were then tranduced with either Scrambled control or appropriate targeting shRNA and Puromycin-selected. Cells were harvested, washed, and resuspended in serum-free/antibiotic-free media. 5 × 10^6^ cells per animal were loaded into syringes and injected into the tail vein of NOD/SCID-Gamma mice, times 9--10 animals per group. Sample size was determined based on our past experience. Mice were approximately 3 months in age, male and female; control and experimental groups were matched as equally as possible for sex and precise age. No further randomization was performed. Beginning at 7 days post-injection, mice were imaged every 4--5 days in the IVIS200 bioluminescent imager. Metastasis was quantified in an unblinded analysis by photon flux. Flux values were log transformed to normalize the data, and differences between control and experimental groups were determined using 2-way ANOVA with repeated measures. All animal experiments were in compliance with ethical regulations as approved by our Institutional Animal Care and Use Committee.

Chromatin immunoprecipitation analysis {#S16}
--------------------------------------

ChIP analysis of control (Scrambled shRNA), KDM3A knock-down and Ets1 knock-down Ewing Sarcoma A673 cells was performed as described in [Supplemental Methods](#SD1){ref-type="supplementary-material"}.
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![Changes in gene expression upon stable depletion of KDM3A in A673 cells. A) GO terms (biological processes) significantly enriched among downregulated genes in KDM3A knock-down cells relative to control (Scrambled shRNA) cells, as determined by DAVID functional annotation analysis. B) Heatmap of top differentially expressed genes (FDR \< 0.1) in KDM3A knock-down cells relative to control (Scrambled shRNA) cells. C) Individual genes contributing to GO term enrichment in "A", that have been implicated in metastasis promotion in other cancers and were downregulated 2-fold or more upon KDM3A knock-down.](nihms849669f1){#F1}

![Stable depletion of KDM3A inhibits cell migration. A and C) KDM3A knock-down in A673 and TC32 cells, as determined by immunoblotting and quantified by densitometry. B and D) Cell migration in a Boyden chamber assay at 12 hours in control (Scrambled shRNA) and KDM3A knock-down A673 and TC32 cells. Representative images of DAPI-stained nuclei of migrated cells (left panels, including high-magnification images of nuclear staining in inset), pseudo-colored black on a white background for ease of visualization(right panels), from one experiment are shown; quantifications represent mean and standard error of the mean from three or more experiments, each performed in duplicate; statistical significance was determined using a 1-way ANOVA with multiple comparisons.](nihms849669f2){#F2}

![Stable depletion of KDM3A decreases experimental, post-intravasation, metastasis *in vivo*. 5 × 10^6^ luciferase-tagged control (Scrambled shRNA) and KDM3A knock-down A673 cells were injected into the tail veins of NOD/SCID-Gamma mice, and metastatic tumor burden was assessed quantitatively using IVIS imaging. Metastasis was quantified by photon flux and differences between control and experimental groups were determined. A) Data from full experimental time course plotted as mean and standard error of log transformed photon flux; statistical significance was determined using 2-way ANOVA with repeated measures. B) Representative photon flux imaging data, and corresponding quantification (on linear scale), from day 25 of experiment.](nihms849669f3){#F3}

![KDM3A regulates MCAM expression. A) MCAM mRNA levels in control (Scrambled shRNA) and KDM3A knock-down cells, as measured in four different Ewing Sarcoma cell lines by qRT-PCR. B) MCAM protein levels in control (Scrambled shRNA) and KDM3A knock-down cells in A673 and TC32 cells.](nihms849669f4){#F4}

![Stable depletion of MCAM inhibits cell migration. A and C) MCAM knock-down in A673 and TC32 cells, as determined by immunoblotting and quantified by densitometry. B and D) Cell migration in a Boyden chamber assay at 12 hours in control (Scrambled shRNA) and MCAM knock-down A673 and TC32 cells. Representative images of DAPI-stained nuclei of migrated cells (left panels, including high-magnification images of nuclear staining in inset), pseudo-colored black on a white background for ease of visualization (right panels), from one experiment are shown; quantifications represent mean and standard error of the mean from three or more experiments, each performed in duplicate; statistical significance was determined using a 1-way ANOVA with multiple comparisons.](nihms849669f5){#F5}

![Stable depletion of MCAM decreases metastasis *in vivo*. 5 × 10^6^ luciferase-tagged control (Scrambled shRNA) and MCAM knock-down A673 cells were injected into the tail veins of NOD/SCID-Gamma mice, and metastatic tumor burden was assessed quantitatively using IVIS imaging. Metastasis was quantified by photon flux and differences between control and experimental groups were determined. A) Data from full experimental time course plotted as mean and standard error of log transformed photon flux; statistical significance was determined using 2-way ANOVA with repeated measures. B) Representative photon flux imaging data, and corresponding quantification (on linear scale), from day 25 of experiment.](nihms849669f6){#F6}

![KDM3A binds and demethylates MCAM and Ets1 promoters, and Ets1 binds the MCAM promoter and regulates MCAM expression. A and E) Chromatin Immunoprecipitation (ChIP) followed by qPCR with KDM3A (left panel) and H3K9me2 (right panel) antibodies, and appropriate negative control antibodies (species-matched IgG), in control (Scrambled shRNA) and KDM3A knock-down A673 cells. Data are plotted as fold-enrichment of specific antibody binding over IgG control, shown as mean and standard deviation of replicate qPCR reactions from 2 independent ChIP experiments; data for MCAM promoter (A) and Ets1 promoter (E). B) ChIP-qPCR data for KDM3A and H3K9me2 at a negative control region (10 Kbp upstream of MCAM transcription start site). C) Ets1 (top panels) and MCAM (bottom panels) RNA and protein levels in control (Scrambled shRNA) and Ets1 knock-down A673 cells, as determined by qRT-PCR and immunoblotting respectively. D) Correlation of MCAM and Ets1 RNA levels in Ewing Sarcoma primary patient tumors (data from Volchenboum et al, J. Pathol. 2015). F) ChIP-qPCR for Ets1 at the MCAM promoter, in Scrambled control and Ets1 knock-down cells, performed and analyzed as in A and E.](nihms849669f7){#F7}

![High MCAM expression in Ewing Sarcoma primary patient tumors is associated with poor survival. Kaplan-Meier analysis of overall Ewing Sarcoma patient survival based on stratification by high (above mean) and low (below mean) MCAM RNA levels in primary tumors (data from Volchenboum et al, J. Pathol. 2015). Significance was determined by a Log-rank (Mantel-Cox) test.](nihms849669f8){#F8}
